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1. INTRODUCTION

This report describes work performed in the first year of a

program to investigate magnetostatic wave device techniques for phased

antenna arrays and microwave signal processing. At the start of this

" program, initial experiments on variable delay(1 ) and also broadband

linearly dispersive delay(2 ) using magnetostatic wave delay lines had

"- been demonstrated. Both of these device characteristics have a

potentially wide application in radar and ECQ systems. However, these

magnetostatLc wave devices had significant phase error (>1000) which
reduced their allure. Thus, the main thrust of this program Is to

reduce the phase error to less than .lO0, which is typically required for

devices in radar and ZCQ systems.

Work on magnetostatic wave delay lines using single YIG films

has shown geometries which yield minimum phase errors for both backward-

volume wave (BVW) and forward-volume wave (FVW) propagation. An "up-

chirp" FVW device and a matching "down-chirp" BVW device have been

designed which, when operated in cascade, will give constant but

adjustable delay. This is described further in Section 2.1. Magneto-

static wave propagation in a YIG film magnetized in an arbitrary

direction is also under investigation.. Here the aim is to search for

conditions that will yield either linearly dispersive delay

characteristics with low phase error or else delay which can be adjusted

by the field angle. This work is discussed in Section 2.2.

Devices based on a single YIG film with one or two ground planes

have limitations as to the minimum phase error that can be achieved. In

addition, the presence of the ground plane results in an increased

loss,(2) particularly when the ground plane Is close to the YIG film.

For this reason, FVW and BW propagation in double YIG films has been

.o,



investigated. 4 #pW tbooratical. understanding of propagation in double

films has be@i achioved so4 initial studies have been performed on

transduction. Z~periments have been conducted with YIG films which are

separated by a Sold wire transducer, and results obtained are in good
agreement with calculations. This is described in Section 2.3. Ana

attractive doublf IIG film geometry is formed by a YIG-GG4G-YIG layer
structure grown ep* A*Ially on 4 GGG substrate. The growth of epitaxial

Smi-doped GGG is dsqcribe in Section 2.4.

2



2. CONSTANT DELAY LINES

2.1 Magnetostatic Wave Delay Lines in Phased Arrays

Variable magnetostatic wave delay lines are potentially useful

in phased-array antennas because of the wide instantaneous bandwidth

obtained when real tins delay, as opposed to phaseshift with a limited

O-2w radians range, Is used for bern steering.

-One of the basic functions of control devices in a phased-array

antenna Is to provide a planephase wavefrout which propagates at an

angle 0 to the antenna surface. In its simplest form, this could be

done by the insertion of a phaseshift in the feed to each elmaent in the

array so as to equalize the total phaseshift between the signal source

and the desired phasefront. This is shown in Figure I for the extreme

elements (0 and n) in s linear array. Tn present narrouband phased-

array antennas, the absolute phaseshift is not equalized but rather

phaseshifters, variable over a O-2w range, are adjusted to produce a

planephase front. This small phase variation can be used to steer even

large arrays since contributions from individual elments will add in

phase as long as their absolute phase differs only by 2nw, where n is an

*integer. Use of 0-2w phaseshifters, however, limits the instantaneous

bandwidth of the array.

For operation of phased array over a wide instantaneous

frequency band, not only must the phase at each element be set to give
the required bern angle at a certain frequency, say midband (0o), but

the rate of change of phase with frequency must be set so as to keep the

bern angle constant with variations in frequency. These conditions on

the required phaseshift can be susmarlsed as
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iio n

#n V sin []
and

2~~ si -= -8n 0 [21

where n Is the phaseshift at element n, w is the angular frequency, Lu
is the distance of the element from one end of the linear array, V is

the velocity of light in air, and 0 is the beam-pointing angle.

Obviously, the conditions given In Equations 1 and 2 are

satisfied simultaneously by a nondispersive delay line, i.e., a delay

: line in which the phase velocity and group velocity are equal and

-- invariant with frequency. However, magnetostatic wave delay lines are

dispersive, as are lumped-constant, stripline, and folded-tape-meander

delay lines. Here, dispersive means that the phase velocities and group

velocities are not equal, and in the context of Equations 1 and 2,

n #n

This implies that if the absolute phase at .idband is set using

a dispersive delay line to produce a beam angle 0, then any change in

frequency will result in a change in 0. Thus, it appears that variable
delay lines with dispersive characteristics cannot be used as the only

phase-setting devices in an array. However, It will be possible to use

a variable dispersive delay line, e.g., a magnetostatic wave device and

a 0-2w phaseshifter as shown in Figure 2. Here, the phaseshifter sets

the beam angle at uidband and the delay line is adjusted so that

nr - sin .

The necessary phaseshift could be integrated with the GaAs power

* ~amplifier in an active aperture array. If, however, the delay lines are

used to feed subarrays, as shown in Figure 3, then the dispersive nature

of the magnetostatic wave delay line does not introduce an increase in

component ount.

,o5
q o . • ° . o • . o
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variable delay line plus a phaseshifter.

4

q 6



Ong. 77SIAO3

InpA Sub
Arrays

Phase Shifter

Figure 3 -Phase control using an MSW variable delay line in an
antenna with subarrays.



2.2 A Constaat-But-Adjustable Neanetostatic Delay Une

This section describes the design and construction of a

constant-bat-adjustable delay line using two "chirp" filters in series.

This approach has been reported In the literature(1 ) using a surface

wave (SW) "up-chirp" and a SW "down-chirp" filter. It was decided In

this work to use an 11W "up-chirp" filter instead of the SW filter and

obtain Improved bandwidth as a result. Figure 4 shows the basic Idea of

adding two "chirped" filter responses, then sliding one of the filter

responses along the frequency axis to obtain an adjustable delay. This

sliding was readlly achieved by winding bias coils on the yoke of the

permanent magnet assembly for the 7W delay line (see Figure 5). A dc

current through these coils could shift the net bias field on the YTG

film either up or down about the fixed value of 2.5 kG provided by the

" -Co permanent-magnet polepleces and yoke assembly.

The delay calculations were performed for single 54-mcron-thick

YIG films grown epitaxially on GG. Delay linearity vas optimized by

placing a single ground plane 54 microns from the YIG film for the FVW

device and 400 microns for the BW device. In Figure 4 the range of

delay delineated by the arrows was the most linear region, and thus the

delay lines were designed to work over this range. The two slopes were

respectively calculated as 93 nS/GHz/cm and -68 nS/GHz/cm and, in order

to equalize them numerically, the 71W delay line was designed to have a

pathlength of 7.33 m and the SW delay line a 10-rn pathlength. The

54-icron spacing was achieved by grinding down a piece of Corning 7059

glass optically cemented to a gold-plated commercial alumina substrate.

The 54-micron glass spacer then formed a dielectric spacer on which the

,icrostrip feeds, and transducers were fabricated using conventional

photolithography. For the 400-micron spacer, a conventional 25-ll

.lumina substrate was thinned down to 16 ails by grinding, and then

ticrostrip feeds and transducers were defined photolithographically in

5-micron gold film. The YIG samples were cut from a 2-inch diameter

wafer and measured 25 am by 5 vs. Each was bevelled to 10 at the ends

^a an aid to suppressing 148W reflections. The static bias fields were

8
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provided by bn-Co polepieces. For the FM11 delay line, a conventional

type yoke machined from low-carbon steel surrounded these polepieces and
Sgave a 3-m airgap for the device. The typical field profile for this

type of structure Is shown in Figure 6. Over the active region of the

YIG film, the field was uniform to about 0.1%. The BVW delay line was a

more difficult design because the magnettz field must run parallel to

the YIG film. The solution was to use only bn-Co magnets with no yoke

and magnetized on their small or end faces, as shown in Figure 7. Field

calculations showed that for a given thickness of magnet there was

opt/am separation of the polepieces to give a maximum field uniformity

over the YIG active region. In Figure 7 the 25-im-square magnets gave a

field uniformity of 1% over a 1-om pathlength along the long axis of the

YIG saxple. Transverse to the long axis, the field uniformity was about

1.52 across the S-sn width of the ample. Initial transmission

measurements on both delay lines showed substantial interference from

* - reflected triple-transit signals. The bevelled ample ends were not

sufficient to suppress these. Additionally, the steep fall-off in

magnetic field Imediately beyond the transducers in the BVW device was

certain to have caused reflections of the bidirectional waves.

Fortunately, considerable mprovement was achieved by evaporating a thin

(-500A) At film on each end of the TIG films and extending up almost to

where the transducers contacted the films. These At film. acted as

areas of ohmic loss for the Msl. The completed delay lines are shown

In Figure 5. The bias coils on the FVW delay lines are clearly

visible. These coils had a sufficient nmber of turns on then to cause

a maximum 500-NMI shift in the operating frequency of the delay line

when fed by a dc current of sIA.

[ The transmission loss (S21) and delay versus frequency are show

for the BVW device in Figure 8. The transmission loss is quite mooth

and ripple-free except in the vicinity of the banded8e at 3.55 013. The

delay results reflect this performance. The 400-micron ground-plane

spacing has ensured a fairly linear group delay from about 3.5 to 2.9

711
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3. PROPAGATION AT A ARBITRARY ANGLE TO THE BIAS FIELD

In order to investigate the delay properties of MSW as a

function of magnetic-field orientation, the dispersion relation must be

derived as a function of field orientation. Once the dispersion

relationship Is known, the phase and group velocities can be found. The

task of generating these mathematical relationships for a ferrite film

in close proximity to a ground plane Is underway. Also underway is the

design and fabrication of an NSW induction probe(5 ) that will be used to

detect the waves for different walk-off angles as the direction of the

magnetic field is varied. We will then be able to check theory against

experlaent.

So far the dispersion relationship has been derived for a

ferrite film plus a ground plane where the x axis is taken to be normal

to the film. The magnetic potential function used for the calculations

in the film has the form

#(xys) a *j kyy -jkz [31

,°, Inside the film, usin the magnetostat c approximation, we have

7,7

H - v* 141

.~i . 0.1

where (y] is the permeability tensor for the Internal field at an
arbitrary anglee From Equation 4. the potential Is found to satisfy the

|i- following equation n the magnetic medium*

: 17



U3 4 + (V512+ i1 2 ) 32*~- 3*

3x 3y axa[5)
ax3

(1123+ IA23) -[

Using Equations 3 and 5 and solving for kX, w#e obtain

k51  &4-b

and

kx a-b
where

a - -[(013 + 1113*) k~ + (23 + V23) k
a 21533

and + k 2
b01 + )1 k~ + (M23 +123) y~

k1i x + 022 kc7
2 + 12i + U12 )k k 11/2

Unequal wavenumbers kz coonly arise because spin waves of a given

frequency travel at a fixed angle to the magnetic field (exchange.

effects being neglected). For an &symmetric film orientation,

U therefore, the allowed spin-wave directions make unequal angles with the

film. It follows that to achieve a given k along the film, differentx~y
k v avenumbers must be used. Therefore, the proper potential function

II

*<xyz) -Jx 0 -Jy (Aejkzlv + Be ).z~ [6)

To get the dispersion relationship, we use the surface-permeability

approach of Estag.,~ 4 where the general form of the secular equation is

18J



-'S-

Isp ,osn -0.

Taking the f Ila to occupy the region from 0 to d along the z axis and to

be infinite in extent in the x and y directions, the relative

permeabilities are defined as

op liii -1liz
*z+ 40 1OHT

on i. -i B:
z+ z-0 MoH7

where HT7 (Hx2 + Ru 2)1/2 and Equation 4 is used to evaluate the
magnetic field.

For a ground plane located at z -- t, the following dispersion

relationship has been derived.

C kT (1 + tanh krt)

tab - k~z tanh kT - B kT (1 tanh kTt)

where A - in2 e [K2(k Xsin# + k ycos#) 2+ ii(i-1)(k Xcos# + k ysin#)2

-pT (cos2O + p~sin 2g)

B - -K sinO (k sin + k cos*)
x y

C - [i(ia-l) 'sin2 O (k coo# + k sin#) 2 ukT2 (cos2 0 + Uhin2 e)]x y

b - /(co 2 0 - isin2g)

k -(k + k 1/2

19



and the angle 0 Is ueasured from the x axis to Hin t and the angle * is

measured from the x axis to the projection Hint onto the xy plane,

We have not progrmed the expression yet, therefore we have no

plots of wavenunber versus frequcecy to show at this time.

20



4. MAGNETOSTATIC WAVE PROPAGATION IN DOUBLE FILMS

The problem of linearizing the group delay over some useful

range of bandwidth for LVWs and BVWs had previously been addressed

through the use of a close proximity ground plane.(2) Although a ground

plane could modify the dispersive behavior of magnetostatic waves to

give a quasilinear delay characteristic, a penalty was paid in terns of

increased insertion loss due to ohmic losses in the plane.(2 ) This

prompted an interest to investigate the magnetostatic modes of

propagation in two films coupled by their close proximity. Although in

the analysis ground planes were included for completeness, it was hoped

that useful delay versus frequency behavior would result with their

influence much reduced, i.e., spaced far away from the magnetic films.

It was realized at the time this work was started that the analytical

approach to the dispersion relation would lend itself very well to

* applying the concept of "surface permeabilities."(4 ) This indeed proved

to be the case and the double-film analysis and results to date are

v fully reported in Appendices I and II.

In summary, double films ware found to support both FVWs and

BVWs. Depending on the magnetic-film parameters, geometry, and mode

symmetry, these. waves could exhibit either constant delays or linearly

varying delays over bandwidths of up to 0.4 GRz and 1 C5,

respectively. This was achieved with a negligible influence from ground

planes. Preliminary measurements on separate YIG films sandwiching

transducers were performed which confirmed the essential correctness of

the analysis. Measurements on double YIG films grown compositely are

presently in progress.

21
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5. RITAXIAL GEOWTH O COG FILKS

G0 film growth by lpe was Investigated as a possible
nouagnetic, dielectric spacer sediun between two YG fls@. Initial

epitaxial growth as performed using one-Inch diameter OCO substrates

and the first of the melt compositions listed in Table 1. melt 1 is

approximately the sne as that reported previously(6) as a polish for

G-G. Films were grown from elt 1, but it ws not possible to

supersaturate the melt by sore than a few 0C without the formation of

crystallites which floated on the melt surface and caused defects in the

epitaxial film. The composition of the crystallites mse not determined

but a comparison of the G&203/Gd2O3 molar ratio (2) with the Fe 2 03 /T 20 3

ratio (>12) in a YIG melt indicated that the crystallitee may possibly

be a second phase. Because of this, the mount of 0.203 Is the melt wus

doubled in composition 2 of Table 1. It was possible to espereaturate

melt 2 by 10C or more witteout crystallite formation. Uafertumately,

the saturation tinperature was 10650 C, which is higher them desirable

for lpe owing to rapid PbO evaporation. In salts 3 and 4, the PO/2203

ratio was kept constant but the (PbO + 3203)/(Gd203 + 05203) ratio s

increased. This decreased the saturation temperature to below 90C -ae

6 desired. The dependence of growth rate on melt temperature Is shon in

Figure 10 for compositions 1 to 6.

X-ray mesurements showed a lattice miematch of approximately

O.006A for films of melts 1 through 4. This was anticipated since the

Czochralski-grown GG substrate material is nonstoichioetric and has a

- lattice parameter of 12.382A compared with the stoichiosetric value of

12.376A. An epitaxial GGG layer 39 on thick was grown on a 20-im thick

epitaxial YIG film which had been grown on a GGG substrate. The G0 and

YIG films were cracked on cooling to room temperature after growth.

22
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6. CONCLUSIONS AND FUTUKE WOIK

;agnetostatic wave delay lines will require the use of

phaseshifters to set the appropriate midband bean angle when they are

used in phased arrays. This should not present difficulties in active-

aperture arrays, especially if subarrays are used. The combined SW and

: FVW variable delay line has been demonstrated to yield variable delay.

However, the 1VW device requires more work to remove amplitude ripples.

This type of structure may meet phase-error ((50) requirements of small-

aperture antennas even with the use of simple, single YIG-film

structures. Large apertures, however, require longer delay times so

that the phase errors In NSW delay lines become more significant and

must be minimized. Dispersion relations for propagation at an arbitrary

angle have been derived but have not been programed at present.

Further work on this topic together with experimental measurements are

planned for the near future.

The theory for 1rW and 3VW propagation in a double YXG film has

been developed and initial experiments have demonstrated that this is a

promising technique. Work on transducers for NSW in double YIG film

shows that special structures may be required to launch the NSW into the

required odd or even mode. Once the composition of the Sm:GGG melt is

optimized to yield films with a close lattice-match Csochralski-grown

GGG, then the growth of epitaxial YIG/GGG/YIG structures will be

performed. The main thrust during the remainder of this program will be

to develop techniques which reduce the phase error and amplitude ripple

of oh"i-cip n "down-chirp" delay 1irnes. In addition, other

echn.Lqcs to achieve variable delay, such as multitapped delay lines,

WLII be Investigated.

~26
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The contractual hour requirements are:

3800 professional hours

1260 technical hours

Cumulative Hours expended up to 30 September 1981:

1834 professional hours

560 technical support hours

Percent technical completion 472

Projections for effort expenditure are being met.
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APPENDIX A

NA, MGISTATIC VOLUME WAVE PRIOPAGATION
IN A FERRIMAGNSTIC DOUBLE LAYER*

Michael R. Daniel and P. R. Entage

Westinghouse Research & Development Center
Pittsburgh, PA 15235

ABSTRACT

Using the technique of "surface perueabilitles," an expression

is derived for the dispersion of magnetostatic waves propagating in tvo

close proximity ferrimasnetic films. Two modes of propagation for volume

waves are identified respectively as the symetric and anti ymetric

nodes from the symmetry of the rf magnetization. Useful group delay

behavior is shown to result from films of equal thickness. Some measure-

ments are reported using two yttrium iron garnet films sandwiching simple

single finger transducers. Difficulties In exciting the symetric forward

volume mode are explained in terms of the coupling coefficients for these

double film structures.
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I. ZITOMDUCTIOSI

There have recently been a number of papers, of a

mostly theoretical nature, describing the propagation of magnetostatic

surface waves in two ferriagSnetic films coupled together by their close

proximity. Scant attention has been given to the propagation of magneto-

static volume waves In a double film structure. Our Interest In the

volume waves was motivated by practical considerations to see if they

"offered any useful tine delay characteristics for microwave delay-line

applications. Additionally, the problem provided an opportunity to

demonstrate the useful teehiique of "surface permeabilities 4 ) in a

relatively complicated situation. We will describe the propagation

characteristics for forward volume waves (1W&) in vhich the static

magnetic bias field ts applied normal to the plane of the films, and

also for backward volume waves (BVWs) with the bias field in-plane and
parallel to the propagation direction. Measurements of time delay versus

frequency are presented for epitaxially grown Yttrium Iron Garnet (YIG)

films. Finally, transducer coupling strengths are calculated for films

of equal thickness; these coupling strengths help to explain some of the

experimental results.
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II. THEORY

A. Introduction

1. General. The surface permeability p5 is useful in the analysis

of systems with plane parallel discontinuities (such as magnetic films)

because its value at each interface can be calculated from its value at

the interface above or below (4 ) ,(5) (see Equation 7); further, us is

known at the upper and lower boundaries of the system, which are metal

or vacuum. For a sample of N layers, therefore, N algebraic Iterations

yield the secular equation; this process is simpler than the usual

method of solving 2N smultaneous equations for the field amplitudes.

We consider waves travelling along the x-axis in a tilm

bounded by planes y - const. The field h and flux density b are

x 0 11 hx P 2 hy*

by/y 0 -i P1 2 hx +ph. (2)

In the agnetostatic approximation we set h - V , where 4 is a potential.

V From V.b- 0, Eq. (1) yields

2 2 (2

11 2  22 4

A magnetostatic wave of wave number k along the x axis is therefore

derived from a potential

1.e x - -t) ice kY + De-ky), (3)
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where

and where C and D are equstants found from the boundary conditions.

ii. The Surface Permeability. The surface boundary conditions are

that the tangential field, h x, and the normal f2=x, b y, be continuous

across an Interface y - coast. These conditions are satisfied if the

* ratio b/ A which has the dimensions of a permeability. is continuous

everywthere.

We therefore define a relative surface permeability us as

UW- -ib y)/W~h (y).(5

where the factor i is Introduced because b and h x are out phase.

Consider a magnetic system extending between yi and Yma.

The magnetic potential * in Eq. (3) must be small far from the system.

For positive k, then, the constants in Eq. (3) are C - 0 when y > Sx

and D) 0 when y 4 3 ~ In the vacuum regions, therefore,

-U (y > ymUh52? (6a)

the upper or lower signs being taken as k is positive or negative.

*If one of the limits of the system is a perfectly conducting metal

* layer, where by- 0, then the boundary condition becomes

1A 0, (metal layer). (6b)
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Suppose that us is known in the plane y -y and that a continuous

medium extends between y, and Y2. The ratio C/D in Eq. (3) can be found

from us(yl), and US(y2) can then be calculated. The result is

U22 -) + [) i22 -V12 2- (yl) U12] B- 1 tanh Bk (Yl - Y2) (7)
VS(y2 ) --

U22 + [Us(y 1 ) + u12] B-  tanh Bk (Y1 - Y2 )

Therefore we can use Eq. (7) to iterate u from an upper (or lower)

surface where it is known, through Eqs. (6), until we reach another

* surface where it is known. The secular equation is obtained by requiring

that these values be the same.

More generally, in a system of N layers there are discontinuities

at Yl' Y2' .N +1 (y1 > Y2 etc.); us (yl) and us  N+ 1) are known

from the boundary conditions. Denote by usp (y1 ) the value of us at Y,

calculated from all layers above yi, and by usn (y1 ) the value found

from all layers below yi. Thus

P (yl) V usp (y2) ..... ) psP (yi)

(8)

[.I us (YN + 1) + Psn (YN)'" +Usn (yi),

where the sign + means 'leads to'. The secular equation is

u ep (Yi) _ sn (Yi). (9)

The use of this procedure is demonstrated below.
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B. Secular Equations

i. Single Layer. For a magnetic layer extending between y a 0 and

y = d we nave P (d) = + 1, + () = 1 1. Equations (7) and (9) then

give

+" 2M2

itanh Okd 22 2' (10)

11 22 +  12

which is the usual result for a single layer.

ii. Double Layer. We consider the system sketched in Fig. 1. Upper

and lover layers of thicknesses dl and d2 are separated by a vacuum

layer extending between y - 0 and y - t. There are ground planes at

distances s1 above the upper layer and a2 below the lover layer.

The surface permeabilities at the ground planes are v 0,

from Eq. (6b). At the upper and lower magnetic surfaces, therefore,

Eq. (7) gives

isp (t + d1) I tanh ks1 ,

,an ( d) tanh ks2

These ratios tend to + 1 when s is large, as Eq. (6a) requires. From

0 Eq. (7), the surface permeabilities at the edges of the Central vacuum

layer are

j(l)tanh k.l M P(1) )2_2 (1).2 (i) -1
sp(t) 22 1+i1 22- '12)-. 1 2 tanhk 1 ] 8 tanh B1kd1 , (11)V(1) + (tanh ks1 + V(1)] -1 tanh 8 kd1

.522 121 1

.(2)Uanh ks2+, (2) (2) , (2 2+ (2) tsnh ks -1

!S()=. .~_.22 nk ,,11Y 22-. 1. 12 2 2 tanh 82 kd2
I(2) + [tanh ks2 -I( 2) 8-

1 tanh 82 kd2
32 12 2
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These quantities each involve the properties of one layer only. The

secular equations fc- waves of positive or negative k on either layer

L alone (together with the associated ground plane) are

0 + (

The interaction of the films through the vacuum layer between

0 and t is obtained by calculating paP(o) from aP(t); Eq. (7) gives

u" p(t) + (1 - iep(t)) tanh kt
p(O) =,(13)

1 + apP(t) tanh kt

Ia

On equating this to u (0), we obtain the secular equation

(+ +(2) D D() D(2) -2kt - 0, (14)

where the D's are defined in Eq. (12). When kt is large and positive,

the second term represents a weak interaction between modes that belong

predominantly to each film separately.

III. Symmetric System. When the two interacting layers are of

the same material and thickness, with equidistant ground planes, it is

still not the case that D(1 ) - + unless aM12 " 0. This inequality

is associated with the fact that D( i) is constructed from Pp, while

S(2)is constructed from Ps. It is therefore Impossible to obtain

symmetric or antisymnetric modes except in the case of volume waves

(P12 - 0)

In a syimetric system with u12 0, Eqs. (11) yeld vep(t) -

p"(o); from Eq. (14), we find

n(O) tanh kt, (even in *), (15)

1
coth kt, (odd In ,
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V

- . These modes are ldentified as even or odd in the magnetostatic potential
* +because, in the central vacuum region, they correspond to * IV

cosh k (y - . t), sinh k (y - . t) respectively (the plane y = t is the

center of the system).

Volume waves exist only in the region ull U22 < 0. The

quantity 1 in Eq. (4) is then imaginary, and we define

,l T 2 - 2 _A /

" = -l'/'22. (16)

The secular equation is now

taV k 1122 a (tanh ks + .8n (0))tanakd- 2 2 sn , (17)P 22 a n (O)tanh ks

where usn (0) is given in Eq. (15).

In the following discussion we shall always refer to the
fundamental mode as syumetric, even though, for backward volume waves,
that mode is odd in the magnetostatic potential. For these waves the
applied magnetic field is along the x-axis, so the excursion in the

magnetization is in the y-direction. An odd magnetostatic potential
therefore gives rise to a symmetric excitation of the system, and we

* regard the excitation as more significant than the potentiil.

This is illustrated in Fig, 2, which shows the rf field para-

meters mx(y) and h (y) for FVWs and m (y) and h(y) for BVWs. The
particular examples chosen were for two films of equal thickness 20
microns, Lpaced 40 microns apart. The ordinate values in Fig. 2 were

derived from a magnetostatic potential function normalized to unity on
. the lower face of film #2. The static bias field (11) and frequency (f)

were choban to yield approximately equal wavevector (k) values for the
- symmetric FIN and BVW modes. It will be noted that the symmetric

mode, as judged from the symnetry of the magnetization, is in both

cases the fundamental mode, as judged from the wavenumber.
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III. RESULTS

A. Calculations

The subsequent results were obtained from numerical solutions

of Equation 17 (for dissimilar films Equation 14 is solved). Unless

noted otherwise the following parameters were used: S1 - S - 1 cm;

.w l - 4wM2 - 1.8 kG; Hl . - 3.214 kC and %B~w - 2.991 kG. This equation

yields two sets of roots which have been termed the symmetric (S) and

antisymetric (A) modes. Each set corresponds to a fundamental thickness

mode and an infinite sequence of higher order modes. The group delay

data are the derivatives (~ )of the dispersion curves expressed in2wr df
nS for a 1 ca path length. We recognized that Equation 14 or 17 can

yield a substantial harvest of results from the permutation of all the

parameters they contain. However, the following generalities did merge:

interesting results, i.e., results significantly different from those of

FVW or BW propagation in single films, are obtained from films of equal

or nearly equal thickness; useful results in the context of yielding

linear or constant group delays are obtained from films spaced 1 to 2

film thicknesses apart.

In Fig. 3 (upper) we illustrate the effects of different

interaction strengths for the symmetric mode for FVWs in 20 micron thick

films. When the film separation, t, is zero the dispersion curve is

appropriate to a W in a single coalesced film of 40 microns thickness.

When t - the dispersion corresponds to a FVW n an isolated 20 micron

film. The film separation has a significant effect on the group delay

and we note parenthetically that a value of t - 30 micron gives a useful

range of quasi-linear delay from approximately k - 100 to k - 1000 cm-1
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Figure 4 shoe the dispersion and group delay results for the

fundamental 6- and A-modes of 1fV and BIV In two 20 micron thick

films. From an applications point of view it was generally found that

the S-mode has quasi linear group delay variation with frequency and

the A-mode shows some region of quasi constant delay. The t values of

40 microns for the FVW and 30 microns for the BW were in fact found to

give optimum group delay linearity over bandwidths of about 1 Qiz for

the S-mode.

One feature peculiar to double films was found for those of

different magnetizations. In an external bias field, H , these films

have different operating bandwidths for aanetostatic wave excitation

(yR to yof (H + 4wO) due to different demagnetizing fields and

different 4wl values. For overlapping, but not coincident, bandwidths

the dispersion relations are discontinuous. This is illustrated in

Fig. 5 for magnetizations of 1.8 and 1.4 kG respectively. If the

internal bias field in film #1 is H then it is (H + 4vEI - 41M 2) in

film #2 for the FW geometry. To Fig. 5 (upper) between 9 and 10.12 GHz

j l(1) < 0 and yJ1 (2) > 0 for H - 3.214 kG. Film #1 supports most of

the magnetostatic volume wave which decays exponentially in film #2.

This is shown by the potential plots in Fig. 6. Both the S- and A-modes

show this decay feature in film 12, however, the syimetry features are

now gone and the terms symmetric and antisynmetric no longer describe

the rf parameters. At 10.12 GM2 U1 (2) # + - and a discontinuity appears

in the dispersion curves. Above 10.12 G s both u's are negative and

"normal" propagation resumes, the dispersion curves re-start at k - 0.

For BW's with H in the plane of the films there is no change in the

ititernal bias field H, but the upper frequency limit is down shifted in

fflm.#2 due to the lower 4wM 2 value. In Fig. 5 (lower) above 10.15 GH:
P?(1) - 0 and P 22(2) 1 0, the BVW is carried primarily in film #1 with

'v exponential decay in film #2. At 10.15 GHzl u 22 (2) 0 but the

pcopagation constant 0 is singular since B 1 -,L and a discontinuity
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in the dispersion curves result. Below 10.15 G(t both u's are negative

and "normal" propagation occurs.
p

B. Exjperlments

Three possible transducer configurations for exciting magneto-

static waves in a double film are shown n Fig. 7. The conductors

supporting the microwave currents J could be either fine wires or

conducting metal strips defined photolithographically. In the first

experiment configuration (a) was used. Two 20 micron thick YIG films,

grown epitaxially on gadolinium gallium garnet substrates, were cut into

rectangular samples 3 = by 25 mm. The transmitting and receiving trans-

ducers were 25 micron diameter gold wires which also acted as the spacers

to keep the films 25 microns apart. Group delay measurements were per-

formed on a network analyser (HP model 8410B) under computer control

(HP model 9845B). The static bias field was provided by a 12-inch

Varian magnet. The results for FVWs are showm in Fig. 8 and for BVWs

in Fig. 9. From the geometry of Fig. 7(a) the rf field hx has odd

symetry n the films. Hence, by Fig. 2 the FYW should be a* A-mode

and the lVW an S-mode. Comparing the Stoup delay results in Fig. 4 with

the experimental results confirms this deduction. In fact, the experi-

lental results were found to be in very good agreement with calculation.

There was considerable nterest in trying to excite the 7VW S-mode due

to its linear group delay behavior. Transducer configuration 7(b)

was chosen for this. The transducers were made from gold ribbon 12

microns by 50 microns in cross section. These were driven by anti-phase

currents from a microstrip power divider. The transducer pair elements

and films were kept apart by several layers of a commercial polymer film

(Saran wrap). The group delay results are shown in Fig. 10. The two

noteworthy features of these results are the substantial noise or

interference and the delay behavior more characteristic of an A-mode,

see Fig. 8.
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IV. CONCLUSIONS

Using a technique termed "surface pereabilities" a general

expression was derived for the dispersion relation of magnetostatic

* waves propagating In two ferri-magnotic films coupled by their close

proximity. From the symmetry of the rf magnetization within the films

two sets of modes were identified for FMe and D5s termed the

symetric and anti-symmetric respectively. Additionally, two films of

different static magnetization (4wH) were found to support a magneto-

static wave in a frequency range normally outside that for propagation

in the lover value film. Group delay measurements were performed on

epitaxially grown YIG double films which confirmed the dispersion

analysis and mode Identification. However, coupling constant calcula-

tions for the two modes showed that the relative excitation strength of

each was transducer geometry dependent. In practice, it may prove

difficult to always excite one desired mode without stimulating the

second to some degree.
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Aannpdix: Cou linp to a Current

We shall treat the generation of agnetostatic waves in the

system sketched in Figure 7(b), where the stimulating currents J and J2

are between the tvo films. Results for exterior currents, as in

Figure 7(c), are given at the end. The method is that of Reference 4,

except that two sheets of current are present. The influence of the

q ground plane will be neglected.

Let bk(y) and hk(y) be the Fourier transforms of b and h inky x
the plane y * const.

by(xy 2 Y) bk() a I k x dk, etc.

The current sheet J in y -t gives rise to the field discontinuity

h (x,,t+) -h x (xt-).--lW.

* I  Upon taking Fourier transforms, asing the definitions of ', n, P

in Equations (5) and (8), and noting that b is continuous across y t,
y

we obtain

b bk(t) - I 1o 0Jl ( k ) uIP(t) an(t)/[,sp(t) -,psn(t),' ,

where jl(k) is the Fourier transform of the current jl(x).

It is convenient to obtain the total field in the plane y " 0,

whp:e the second current sheet J flows. The algebra is greatly siapli-

fled if we note that we shall later integrate bk over k in order to

obtain the field at large distances. The dominant contribution comes

f-om the pole at uip , and we can use this substitution everywhere

except in the denominator. In the plane y - 0, the field b)k due to J

44



Is found to be

kb( ) (0) - irJl u0 NO))2 [feP(o) -Pn(O)], (A2)

l 'where

r cosh kt - P (0) sinh kt. (A3)

The total flux due to both currents is a similar quantity proportional

to J2 + rJ1 . Upon taking Fourier transforms, the travelling field on

the right of the transducer Is found to be

:b(x) = uo(u*(0)) (J2 + r a (0) (A4)

where k Is now the root of the secular equation.

It Is shown in the Appendix of Reference 4 that the power

travelling to the right is

P+-.. t u lhl12 3 (Un - aP),

where h. and M5 are found In the same plane. On using Eq. (4)

to obtain hx - Ib /u us, we obtain

+ Pow (J2 + r11)2 K+'  (AS)

+
in which K Is a coupling constant,

K+- (U(O)) 2 /k -L [,n(O) - uSP(o)1. (A6)ak

This definition differs by a factor of two from that used in Reference 4,

because there are two films (see below).
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Syinetric System. For two equal films with U12 0, text Eq. (15) is,

at the roots of the secular equation,

_S(o) - tanh kt, (even modes),

coth-I kt, (odd modes),
2

From Eq. (A3) we find r - + 1 for even and odd modes. The total power

radiated in the positive direction is the an of powers in even and

odd modes

4l)2 + 12+
j1) 10 + j 1) ) Ke) (A7)

2 [o 2 +  e+(J2 J ] .7

Note that, for widely separated films and Jl - 0, only the lower film

is excited and i+-K+- +. The radiated power is then + =oJ 2 K+ ,

e 2o
which agrees with the definition in Reference 4 for coupling to a

single film.

The perneabilities in Eq. (A6) are given in text Eqs. (11) and

(13). Evaluation In the case of a symmetric system without a ground

plane gives

k22 [2d + u22 t - 22 (2d P11 + t)(p (0))'2 . (A8)

* This form holds equally for odd and even modes.

Exterior Currents

When the current sheets lie outside the magnetic films, as in

*t Figure 7(c), an extension of the above argument yields a power dissipation

similar to that in Eq. (A7), except that the coupling constants are

multiplied by a numerical factor

: +  2 + [ z-
K exterior A(1 u 1 2 2 (S(Q) I- 111P22] (A9)
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Fig. 3 The dispersion and group delay curves for a syetric 1VW

propagating In two 20 micron thick films vith the film

separation Mt as a parameter; 4w?1l 4w 412 1.*8 kG, B 3.214 KG,

Sims 2- 1m.
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Curve 729472-A
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eig. 6 The magnetostatic potential as a function of distance normal

to the plane of two 20 micron thick films spaced 40 microns

apart supporting a M.: upper curve the first or fundamental

node; lower curve the first overtone.
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Curve 728517-A
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Fig. S bperlaental results of group delay versus frequency for a
IVV A-mnode In two 20 micron thick YIG films spaced 25 microns
apart.
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718. 9 Experimental results of sroup delay versus frequency for a

-W S-mode in two 20 micron thick YIG films spaced 25 microns

apart.
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APPENDIX B

MAGNETOSTATIC DELAY LINES*
USING YIG DOUBLE FILMS

Michael R. Daniel and J. D. Adam
Westinghouse Electric Corporation

R&D Center
Pittsburgh, PA 15235

ABSTRA

Magnetostatic volume waves propagating in YIG
double films offer the potential of microwave delay
lines with either linearly dispersive or nondispersive
delay characteristics. Thts is achieved without the
need for nearby ground planes and their concomitant
attenuation of the magnetostatic waves. Two modes
of propagation are identified in double films from
the symmetry of the rf magnetization or magnetic
field. Conventional transducers can excite either
mode and care may be needed to avoid exciting them
simultaneously in some geometries.

1. INTRODUCTION

At this conference two years ago, we described
how magnetostatic waves propagating in an yttrium
iron garnet film (YIG) could be made to exhibit a
delay versus frequency characteristic which was
almost linear over about 1 GHz of bandwidth.(1 ) This
was achieved through the influence of a close
proximity ground plane on the dispersive behavior
of the waves. However, one penalty to be paid for
this approach to linearizing the delay is an increased
insertion loss due to eddy current damping of the
magnet9atic wave by the finite conductivity ground
plane.'M We were thus motivated to see whether
magnetostatic waves propagating in two films coupled
by their close proximity offered any useful delay
characteristics without the concomitant ground plan
damping. Some work on double films has already
appeared in the literature of a mostly theoretical
nature.(3-5)

Work supported in part by U.S. Air Force (RADC) under
Contract F19628-80-0150.
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We shall be concerned with forward volume
waves (FVWs) and backward volume waves (BVWs). Our
approach to computing the dispersion of magnetostatic
waves in a double film using the concept of
"surface permeabilities" will be described else-
where.(6) We may summarize the results of these
calculations by saying that the dispersion relation
yields two sets of solutions. These sets have been
termed the symetric (S) and antisymmetric (A) sets,
respectively. The term S or A describes the
symmetry of the rf magnetization (m) or rf field (h)
normal to the bias field H. This in illustrated
in Fig. 1 for FVWs where two possible transducer
geometries are also shown which should excite
either the S-mode (Fig. Is) or the A-mode
(Fig. lb) for FVWs. However, because the
magnetostatic waves are launched by h components
normal to the bias field, the relevant fields for
BVW propagation are the h-component normal to the
plane of the YIG film. These components would have
opposite symnetry to those shown in Fig. 1.
Thus, the transducer configurations (a) and (b)
will launch the BVW A-mode and S-modes, respectively.
In what follows, we shall be concerned only with the
lower order S- and A-modes. The higher order
thickness modes were not observed in transmission
loss measurements on double film delay lines.

2. RESULTS

2.1 Calculations

Fig. 2 shows that for an appropriate choice of
film thickness (d) and film separation (t), both

" FVWs and BVWs can be made to exhibit either a linearly
dispersive or a quasi-constant delay. The delay was
calculated from the slope of the dispersion relation
(dk/do) and both films were assumed of equal
magnetization (4 wM). The film separations of 40
microns for the FVW and 30 microns for the BVW

* -represent values which give optimum degrees of
linearity over approximately 1 GHx of bandwidth for
the 20 micron thick film supporting S-modes. The
two curves for the A-modes each show a region of
constant delay (+ 5 nS) over a bandwidth of 0.4 GHz.
The deviation from linearity of the S-modes is shown

* in Fig. 3 where the phase deviation from a quadratic
response is plotted as a function of frequency. These
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results and those of Fig. 2 for the constant delay
A-modes compare very favorably with what can be
achieved using a single YIG fili% except that for the
double films there are no ground planes needed to
achieve the results and hence, no extra transmission
loss from ground plane damping of the magnetostatic
waves.

2.2 Experiments

The experiments to be described here were
performed on double YIG structures consisting of two
20 micron thick YIG strips cut from the same epitaxial
film and separated by the thickness of the wire
transducers similar to Fig. I. The YIG films were
grown by liquid phase epitaxy on gadolinium gallium

Kr garnet (GGG) substrates. The delay line measured
25 mm by 3 - and in the first experiment the two
films sandwiched single 25 jim diameter gold wires for
the transmitter and receiver transducers. Thus, the
rf field pattern was appropriate to Fig. lb. However,
for BVWs with the bias field, 11, parallel to the
propagation direction, the normal h fields are
symmetric in both films. Thus, an S-mode would be
expected and this is confirmed by the delay measure-
ments of FIg. 4, which show the quasi-linear response.
The results of Fig. 4 and subsequent results were
taken on an automatic network analyzer (HP model
8410B) under computer control (HP model 9845B). The
bias field was provided by a 12 in. Varian electro-
magnet. The results for FVWs shown in Fig. 5 were
obtained with the same sample as described above,
but with H normal to the film plane as shown in
Fig. lb. Hence, an A-mode was anticipated with a
region of constant delay and this was obtained.
The origin of the higher noise level on the delay
results of Fig. 5 compared to Fig. 4 is presently
unknown but is believed to be instrumental.

There was considerable interest to launch an
* S-mode for TWs because of the potential for an

"up-chirp" dispersive delay line. The double or
"opposed" transducer arrangement of Fig. la was
chosen for this by using gold ribbon transducers
50 microns by 12 microns in cross-setLon. Thp
upper and lower elements of the transducers were

*kept apart by a film of commercial polymer (Saran-
- Wrap). The results of Fig. 6. unfortunately, suggest
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that mainly A-mode was being launched. The high
noise level on the delay results may have been
in part a result of interference between the S- and
A-modes. We note that the h-field components from
the upper and lower elements of a double transducer
will tend to cancel since the microwave currents in
each element are in opposition to one another.
Therefore, any asymmetry in the structure will tend
to promote the A-mode at the expense of the S-mode.
Evidently, strong h-field cancellation is occurring
in Fig. 5. The essential correctness of this
interpretation was borne out by the coupling constant
calculation of Fig. 6. The details of this calculation
are given in reference (6). For FVWs, the S-mode
coupling is substantially weaker than the A-mode over
most of the frequency range for the transducer geometry
used here. In reference (6), it is shown that
coupling to the YIG films with the transducer elements
exterior to them and not interior as in Fig. la improves
the S-mode coupling strength and weakens the A-mode
coupling. To take advantage of this requires a

compositely grown double YIG structure without the
500 micron thick GGG substrates. The GGC would form
a thin epitaxIal spacer between the films.

3. CONCLUSIONS

We have shown that FV- and BV- magnetostatic
waves propagating in a YIG double film structure
offer the potential for both dispersive and
nondispersive delay lines with bandwidths of 1 GHz
and 0.4 GHz, respectively. This has been achieved
without the use of ground planes and thus, lower
insertion losses are predicted compared to those

Aq obtainable from single YIG film delay lines. The
double film structures do support two types of
magnetostatic wave and some care may have to be
exercised in transducer design so as not to excite
the undesired mode in a particular situation.
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(a) fb)

Figure 1 Possible transducer configurations and rr
field patterns for a FVW symmetric mode (a)V and antisymmetric mode (b). The static bias
field is normal to the plane of the YIG films.
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Figure 3 Phase deviation from ideal quadratic
response versus frequency for the two
S-node responses shown in Fig. 2.
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Figure 5 Network analyzer responses for a FVI
A-mode propagating in two 20 micron thick

YIG films separated by 25 microns: upper

curve -- transmission parameter, 521,
versus frequency; lover curve -- group
delay versus frequency. Arrows in the

upper curve define interval over which
the group delay results were mcasured.
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Figure 6 Network analyzer responses f or a Fvw
propagating in two 20 micron thick YIG
films separated by approximately 40
microns: upper cuzve -- transrnission
parameter, S21, vers'is frequency;
lower curve -- grcup delay versus
frequency. Arrows in the upper curve
define Interval over which the group
delay results were measured.
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l Figure 7 Calculated coupling coefficients in percent

versus frequency for Ws and BVWs
using the transducer geometry of Fig. la.
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